The localization and timing of cellular calcium loading and glial cell reaction in relation to selective death of hippocampal neurons was studied in Mongolian gerbils following transient forebrain ichemia. Two days after a 5-min period of ischemia, heavy calcium staining was histochemically demonstrated in circumscribed groups of nerve cells, located in the transition zone be tween the CAl and CA3 areas. This preceded complete neuronal cell death that was quantitatively assessed by measuring the intensity of Nissl staining. After a 12-min period of ischemia, extensive calcium loading was ob served in conjunction with severe neuronal damage throughout the CAl region as well in the dorsal nuclei of the thalamus. The extent of calcium staining decreased with time and was not seen at stages later than 7 days.
The vulnerability of nerve cells in response to ischemia differs considerably among the different popUlations in the central nervous system. This is evident in the hippocampus where damage to pyra midal neurons in the CAl area results from a tran sient blockade of blood supply whereas the pyra midal neurons in the CA3 area are relatively resis tant (Kirino, 1982; Pulsinelli, '1985) . A pathological accumulation of intracellular calcium is thought to be one factor that causes or accompanies cell death (Simon et aI., 1984) . The localization of calcium accumulating neurons in the affected CA 1 area of the hippocampus after transient cerebral ischemia Already at 2 days after a 5-min period of ischemia, a strong increase of glial fibrillary acidic protein immunore activity was seen. This indicates a marked and early hy pertrophy of astrocytes that was not accompanied by an obvious proliferation. Neither the astrocytic response nor the neuronal calcium accumulation were observed in gerbils pretreated with propentofylline, HWA 285 (10 mg/kg, i.p.) 15 min before bilateral carotid artery occlu sion. Also, the decrease of Nissl staining in the CAl area after 5 and 12 min of ischemia was considerably less pro nounced and did not significantly differ from sham-oper ated controls. Key Words: Tr ansient cerebral ischemia Gerbils-HWA 285 (propentofylline)-GFAP immuno reactivity-Calcium-Selective neuronal death. and the timing of neuronal calcium loading is one subject of the present study.
Besides intracellular calcium mobilization, trans membrane calcium influx may also be enhanced as result of the neuronal hyperactivity described as developing after ischemia (Suzuki et aI., 1983) . Ac cordingly, a substance that favors the generation of seizures, such as theophylline (see, e.g., Phillis and Wu, 1983) , was recently found to exacerbate post ichemic nerve cell damage (Rudolphi et aI. , 1987) . This effect of theophylline is presumably the conse quence of its action as an receptor antagonist re moving the physiological protection of nerve cells by adenosine (see also Lee et aI., 1986) . This nu cleoside, which serves as endogenous neuromodu lator, depresses synaptic transmission and coun teracts the generation of burst discharges (Schubert and Mitzdorf, 1979; Schubert and Lee, 1986) .
Another member of the family of xanthine deriv-atives that interferes with the receptor binding of adenosine agonists is propentofylline (HWA 285). For pharmacological details of this compound, see Grome and Stefanovich (1985) . In the present ar ticle, we report the effect of HWA 285 on cell death and accompanying parameters, i. e. , intraneuronal calcium accumulation and glial cell activation.
MATERIALS AND METHODS
Experiments were performed on the Mongolian gerbil in which, because of the absence of posterior communi cating arteries, complete forebrain ischemia can be pro duced by occluding the common carotid arteries (Levine and Sohn, 1969; Chandler et aI., 1985) . The operative ex posure of the common carotid arteries was performed � nder anesthesia with sodium pentobarbital (3 2 mg/kg, J.p.), chloralhydrate (100 mg/kg, i.p.), and atropine (0.8 mg/kg, i.p.). The carotid arteries were isolated from sur rounding tissue and a loop of unwaxed dental floss was placed around each artery. A 2-cm length of double lumen catheter was passed from the level of the carotid artery through the muscle layers of the dorsal surface of the neck. Each end of the dental floss was threaded through a separate lumen, leaving a loose loop around the artery. '!\vo days later, occlusion of each carotid artery was produced by gently pulling the dental floss until the artery was completely occluded between the floss and the center wall of the catheter. Heifitz clips were placed on the floss against the exterior end of the tubing to maintain occlusion. Complete bilateral occlusion of the arteries was confirmed by behavioral indications, i.e., depression of spontaneous motor activity, shallow and rapid respira tion, and ptosis. Care was taken to avoid a drop of body temperature during any stage of the experiment. After experimental manipulations, animals were placed on a heating pad until complete recovery of motor activity and then they were housed singly in standard rodent cages at a controlled constant room temperature of 22°C. They were given pellet food (Altromin standard diet) and water ad libitum and maintained under a l2-h light-dark cycle.
Three experimental groups were studied: (a) a sham operated control group; (b) an untreated group that un derwent ischemia for 5 and 12 min, but did not receive treatment; and (c) a treated group in which HWA 285 [1-(5-oxohexyl)3-methyl-7-propylxanthine; HoechstAG, Werk Albert] was injected (10 mg/kg i.p.) 15 min prior to t�e same ische I? ic periods. This was found to be the op timal therapeutic dosage (J. DeLeo et aI., in preparation; se � also Mrsulja et aI., 1985) . The untreated group re celved the same volume of vehicle (saline) and the same period of carotid occlusion. The animals were killed at 2 or 4 days after ischemia under ether anesthesia by decap itation. The brains were then removed and frozen with CO2, Hippocampi were sectioned coronally with a cryostat at -14°C. The section thickness was 20 fLm for Nssl and glial fibrillary acidic protein (GFAP) staining and 30 fLm for the histochemical localization of calcium.
Nissl staining and its quantitative evaluation
The sections were mounted by thawing on glass slides, Nissl stained, and covers lipped with Permount. In order to standardize the histological procedure and to rule out the possibility that differences in the staining intensity J Cereb Blood Flow Metab, Vol. 7, No. 6, 1987 were due to technical inconsistency, slides from control and experimental groups were processed together, stained for 5 min, and differentiated in a series of al cohols for 3 min each. The extent of hippocampal nerve cell damage (as reflected by cell loss and decreased stain ability) was assessed by measuring the amount of Nissl stained material in a predetermined representative region of the CA 1 area with the aid of a guided densitometer (Leitz Te xture Analysis System). The measuring field was 50 x 500 fLm, fitting to the width of the CAl soma layer (ca. 40 fLm). This width was not obviously different in the different experimental groups, supporting that tissue swelling due to postischemic edema is not as rele vant in the hippocampus as in the cerebral cortex (see Mrsulja et aI., 1985) . Measurements, expressed as ex tinction units per measuring field, were taken from three slides of each animal and averaged. Statistical analysis was done by Student's t test.
Calcium localization
A modification of technique described by Kashiwa and Atkinson (1963) was used for the cytochemical localiza tion of ionic calcium. The principle of the technique is that calcium complexes with a chelating agent producing an insoluble chromophore.
Stock solutions
Two solutions were used: (a) glyoxal bis (2-hydroxy anil) (GBHA), 0.4 gll OO ml absolute ethanol (2 ml 0.4% GBHA); and (b) NaOH, 5 g/l OO ml distilled water (0.3 ml 5% NaOH).
Staining procedure
First, cryostat sections were placed immediately in cold absolute acetone for rapid fixation for 5 min. Next floating sections were transferred into 96% alcohol for 5 min � nd then transferred to staining solution for 3-4 min. SectlOns were then placed in 96% alcohol and mounted o ? glass slides. Because of quenching, it is necessary to Vlew and photograph immediately. The treatment with N � 2HC03 and KCN did not improve the chelation speci ficlty of GBHA staining.
GFAP (glial fibrillary acidic protein) fluorescence microscopy
Following slide mounting, cryostat sections were fixed for 15 min in 3.5% formaldehyde solution in 0.01 M phos phate-buffered saline (PBS), pH 7.2, and then rinsed in PB� . The se � tions were incubated with mouse primary antlbody . agm . nst GFAP (Boehringer, Mannheim, ER.G.) for 30 mm dtluted 1:50 in PBS. This antibody showed cross reactions also with GFAP from pigs and rats indi cating low species selectivity (for details, see G;aeber and Kreutzberg, 1986). The sections were rinsed in PBS and .
incubated for 30 min with goat secondary antibody conjugated to tetramethylrhodamine isothiocyanate (TRITC) specific for mouse immunoglobulin G (T-5393 from Sigma) diluted 1 :50 in PBS. Control sections were incubated with PBS instead of with primary antibody.
RESULTS
Two days after bilateral occlusion of the common carotid arteries, nerve cell damage was seen in the CAl region of the hippocampus, as indicated by a decrease or loss of Nissl staining in the soma layer of the hippocampal CAl pyramidal neurons. Quan titative evaluation of this effect was performed by means of a computer-guided densitometer and the intensity of Nissl staining was expressed in extinc tion units (Table I and Fig. 5 ). In a 5-min ischemic period, Nissl staining in the CAl area was reduced, but not lost, indicating the beginning of cell damage (Fig. 1) . The CA3 pyramidal cells and the granule cells of the dentate gyrus were well preserved (Fig.  l) . In those animals that had received a 12-min oc clusion, cell damage was more severe, as indicated by a pronounced reduction or local absence of Nissl staining. This was evident throughout the en tire hippocampus, often including the pyramidal neurons in CA3 and CA4 (Fig. 2) . Loss of neuronal staining in the CA I area was consistent and more homogeneous in animals examined 4 days after both 5-min and 12-min periods of bilateral occlu sion (Fig. 5 ).
This decrease of Nissl staining was accompanied by an accumulation of calcium as demonstrated his tochemically in the soma layer of CAl neurons (Figs. I and 2). Here, an intensive calcium loading was found in individual neurons that was most pro nounced already at 2 days after ischemia, thus pre ceding the time point at which complete neuronal loss was observed. The nerve cell bodies appeared selectively stained, contrasting with the unstained neuropil. Such calcium-accumulating neurons were often located in groups in circumscribed regions of the CAl area, whereas they were lacking in other parts of the affected CAl area. This selective distri bution was not reflected in the Nissl staining, which appeared more uniformly affected. The area in which such groups of calcium-loaded neurons were consistently found was in the most lateral part of regio superior, i.e., in close proximity to the region of undamaged CA3 neurons (see Fig. 1 ).
The calcium staining intensity reached in the in dividual neurons was about the same after 2 days of survival time in both 5-min and 12-min groups (compare Figs. I and 2) . After 4 days, however, the overall intensity of calcium staining was decreased and there was staining in the neuropil. This was judged from visual inspection; a quantitative evalu ation of the staining intensity was for technical reasons not suitable. In a few animals, the survival time after carotid occlusion was extended to 17 days. At this time, calcium staining was not evi dent. These late changes were studied only in a few cases and not systematically analyzed.
Basically, similar effects as observed in the CAl area of the hippocampus were also seen in other brain areas, most prominently in the thalamus. Here again, the loss of Nissl staining was accompa nied by a marked accumulation of histochemically demonstrable calcium 2 days after ischemia. The selective calcium staining of nerve cell bodies, however, was less pronounced in the thalamus, where the staining of the neuropil was usually al ready present at the earlier stages.
Staining of the tissue with a GFAP-specific anti body against glial fibrillary acidic protein (GFAP) revealed a distinct immunoreactivity of cells re sembling astroglial cells (see also Graeber and Kreutzberg, 1986) . In the control animals, the GFAP-labeled cells found in the soma layer of the CAl area showed the typical appearance of astrog lial cells with thin arborized processes and small cell bodies. Following ischemia, however, the pic ture was completely different. Glial cells were thickened, had plump processes, and more GFAP-positive profiles were found in the CAl soma area, reflecting hypertrophy of astrocytes. The number of glial cells, however, was not increased and no mitotic figures were found. These glial changes were already fully developed as early as 2 days after ischemia. They were seen throughout the CAl soma layer, but they were absent in the CA3 re gion. In contrast to calcium loading of nerve cells, which was not demonstrable at late stages, GFAP staining remained rather stable with increasing sur vival time. GFAP-positive astrocytes, forming a scar, were still seen after 17 days.
Effect of HW A 285 treatment
When gerbils were pretreated with HWA 285 (10 mg/kg), the CA 1 neurons apeared to be largely pro tected from the changes following 5-min and 12-min transient cerebral ischemia (Fig. 3 and Ta ble 1). In particular, calcium staining performed at 2 days fol lowing a 5-min or 12-min period of carotid occlu sion did not in any case show such a distinct intra cellular calcium accumulation as typical for the un treated group. Accordingly, Nissl staining appeared unaffected or was only slightly reduced as evalu ated by visual inspection and by quantitative densi tometric measurements.
If analyzed at 4 days following ischemia, protec tion in the HWA-285-treated group was confirmed. At this time point, a marked decrease of Nissl staining by 80% (decrease of extinction units) was consistently observed in the untreated group after 5 min of ischemia. In contrast, the difference in ex tinction between the HWA-285-treated group and the control group was 17%, which was not signifi cant ( Fig. 5 ). After prolonged cerebral ischemia, the effect of HWA 285 was somewhat reduced but there was still marked protection. After 12 min of bilateral occlusion, the difference between the HWA-285-treated group and the control group was 20%, compared with 82% in the untreated group (Fig. 5) .
Also, the marked changes in GFAP immunoreac tivity observed at 2 days after 5 min of bilateral ca rotid occlusion were not seen in those animals pre treated wth HWA 285. Proliferation and swelling of GFAP-stained astrocytic processes was missing and the slides obtained from the treated group were indistinguishable from those obtained from controls (see Fig. 4 ).
DISCUSSION
Neuronal cell damage observed after transient cerebral ischemia was found to correlate strongly with an intracellular accumulation of calcium. In all cases in which nerve cell damage or loss was indi cated in Nissl staining, a heavy loading with cal cium could be histochemically demonstrated in sev eral neurons, whereas no significant calcium accu mulation was seen when the generation of cell FIG. 4 . GFAP immunoreactivity in the CA1 region of the hip pocampus. Top: In a control animal, normal appearance of astrocytes. Middle: Two days following a 5-min ischemic pe riod, markedly increased GFAP immunoreactivity. BoHom: Two days following a 5-min ischemic period after treatment with HWA 285, normal appearance of astrocytes. x 300. death was prevented by treatment with HWA 285. Such a correlation was seen in the CAl area of the hippocampus as well as in the dorsal nucleus of the thalamus. Heavy neuronal calcium loading was al ready observed at 2 days, i. e. , when Nissl staining was not consistently reduced throughout the soma layer of the CAl area. This suggests that a massive calcium accumulation does not just follow, but ac companies or even precedes, neuronal cell death. This is supported by recently published biochem ical data that showed a marked accumulation of cal cium in the hippocampal tissue at the same time point (Deshpande et aI., 1987) .
At these early stages, calcium accumulation was found selectively in the perikaryon of the nerve cell soma. This is in agreement with the hypothesis that the generation of seizures and an increased produc tion of action potentials in the soma membrane with consecutive calcium influx through voltage-depen dent channels causes, at least in some part, the ob served calcium accumulation in the cell. In this re spect, it is interesting that the calcium-loaded neu rons are often found in close proximity to each other, forming confined groups. These groups are selectively localized, preferentially in the transition zone between the CAl and the CA3 areas. This may reflect the presence of early developing foci, where pathological hyperactivity is started in a small number of interconnected neurons and where those other mechanisms may be triggered that then lead to the delayed damage of the whole CAl area. Here, a pathological activation of NMD A receptors seems to be involved, operative in the later stages. We conclude this from recent experiments in which we could prevent the delayed damage of neurons in the CAl area, but often not in the transition zone, by treatment with the NMD A receptor antagonist MK 801 applied several hours after the end of the ischemic period (Schubert et aI., 1987) . A rapid and strong onset of the reaction upon transient ischemia was also found for the glial cell response. The activation and hypertrophy of astro cytes as indicated by their markedly increased con tent of glial fibrillary acidic protein was already strongly developed at 2 days after ischemia and, hence, also at a time point preceding complete neu ronal damage. This leads to the speculation that ac tivation of astrocytes occurs not only in response to the dying of nerve cells, but is triggered concomi tantly with those mechanism that initiate cell death. The activation of astrocytes may resemble the ret rograde reaction seen in the facial nucleus following nerve transection (Graeber and Kreutzberg, 1986) . In this situation also, a transition of local glia into fibrillary astrocytes, but no proliferation, has been found.
The most remarkable finding of the present study was that treatment with propentofylline (HWA 285) exerted a protective effect against postischemic damage. This xanthine derivative prevented neu ronal calcium loading, concomitant glial reaction, and the death of neurons in the regio superior of the hippocampus as well as in the dorsal thalamic nu cleus.
If, as considered above, cell death follows intra cellular calcium loading, then the finding that HWA 285 treatment prevented the observed early neu ronal calcium accumulation suggests that this com pound is acting at one of the first steps in the chain of events. In this respect, it is interesting that sei zures which were usually seen after a 12-min isch emic period did not occur in animals treated with HWA 285. However, preliminary electrophysiolog ical experiments demonstrated no indication for a significant direct depressant influence of HWA 285 on nerve cell activity (P. Schubert, unpublished data) . Therefore, this drug seems not to act like a conventional anticonvulsant. Furthermore, it is also unlikely that it acts directly via adenosine re ceptors. Thus, although HWA 286 interferes with the binding of A 1 adenosine agonists (see also Grome and Stefanovich, 1985) , its affinity to the re ceptor is markedly less (about one-tenth) than that of, for example, theophylline (M. Reddington and P. Schubert, unpublished observations) .
On the other hand, there is some experimental evidence that HWA 285 inhibits the cellular uptake J Cereb Blood Flow Metab, Vol, 7, No.6, 1987 of adenosine, a possible mechanism to increase the effective extracellular concentration of this neuro modulator (Fredholm and Lindstrom, 1986) . How ever, the concentrations of HWA 285 required to obtain this effect were on the order of 150 j.LM. The presently studied effective concentration of HWA is considerably smaller, i.e., in the low micromolar range, and the observed protective effect is there fore unlikely to be due to an action of HWA 285 as an adenosine uptake blocker. This is supported by our finding that protection from ischemia-induced neuronal cell death could still be achieved by HWA 285 in the presence of the adenosine antagonist the ophylline (J. DeLeo et aI., in preparation). Because of its ability to pass the blood-brain barrier and its absence of narcotic side effects, HWA 285 may be useful in the preventive therapy of ischemic dis orders. It will presumably also serve as a valuable tool for the further elucidation of the mechanisms involved in the generation of cell death.
